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(57) ABSTRACT

A control structure for the active damping of low-frequency
oscillations 1n numerically-controlled machine tools. The
control structure includes an rpm regulator having a propor-
tional component and an integral component. The control
structure further includes an active damping element that
forms a low-frequency correction signal, which 1s phase-
shifted with respect to an interfering low-Ifrequency oscil-
lation and free of d.c. components, and a summing point that
1s upstream or downstream of the integral component and
receives the low-Irequency correction signal.

18 Claims, 3 Drawing Sheets

Element

4.1

n nominal

Position

—
p_nominal

Regulator

3.2

Integral
Component

.<}

RerpLTa'tcrr | nominal
. 3.1
o Proportional
| Component
L _—___ _ |
n_actual

—d p_actual




US 7,031,799 B2

Sheet 1 of 3

Apr. 18, 2006

U.S. Patent

enyoe d
lenoe u

jeuiwou |

174’

O

jusuodwon

|leuoijodold

| &

Jojeinbey
wdl

Juauodwon

|eJGajul

Uo1)08102 U

leulwou” u

jusuio|d

Buidweg
SAIRY

Jojejnbay

LONISOd

&

leuiwou d

Jojejodiaul

e

/ Bl



US 7,031,799 B2

lenjoe d
lenjoe U
r—
|
Jusuodwo? |
e | |leuoipodosd |
= | |
L
< SIS |
= | 10)ejnbBay |
7 | wds |
_ _
: “ “
—
= _ Jusuoduwon
S |IBuIlou | -
e _
W IIIIII J
-«

jusuodwon
[esbau| | yonoelios U

U.S. Patent

Juswa|j
Buidweq

OAIJY

Joe|inboy

G_mc_Eoclc uoijIsod

&

leuiwou. d

Joyejodisiyj

't




US 7,031,799 B2

Sheet 3 of 3

, 2006

Apr. 18

U.S. Patent

jlenjpoe d
|lenpe u
=
_ |
Juauodwos
[euojuodald
BUl - | Joyeihbayy
[eUWOUTI—@ |~ ‘L
S
P

jusuodwon
jeJBayyi

_
_
|
_
|
|
|
i
_

|

72

|apoOiA
90UBJ9JoY

WETNET=
Ae[aQ)

JoqUIB Jaquiaiy
ol ] AejeQ ol Aela
uonoauoo-u| J9RIO 18pIO

puQo3dg 1Sl
HENTET . .
buidweq ¢S [Q
SAIOY

Joyeinboy
[ L leujwou™u | IBUORISOd

O

"

J01RNUAISYIT

euiwou d

Jojejodialug




Us 7,031,799 B2

1

CONTROL STRUCTURE FOR THE ACTIVE
DAMPING OF LOW-FREQUENCY
OSCILLATIONS IN NUMERICALLY
CONTROLLED MACHINE TOOLS

Applicants claim, under 35 U.S.C. §119, the benefit of
priority of the filing date of Jan. 18, 2003 of a German patent

application, copy attached, Serial Number 103 01 763.8,
filed on the aforementioned date, the entire contents of

which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a control structure for the
active damping ol low-frequency oscillations 1 numeri-
cally-controlled machine tools, having an rpm regulator with
a proportional component and an integral component.

2. Discussion of Related Art

Such oscillations considerably a
a treated work piece.

The numerical control of a machine tool controls the
processing of a work piece by a parts program, 1n which an
exact treatment process 1s {ixed in the most diflerent treat-
ment cycles. In the course of this, a tool 1s required to follow
a predetermined track as exactly as possible, so that the
shape of the finished work piece corresponds to the preset
conditions. To this end 1t 1s necessary to approprately
control the various shafts of the machine tool with their
respective rotary or linear drive mechanisms. In order to be
able to maintain a predetermined treatment track, control
structures are employed which, n a position regulating
device, calculate a nominal speed (for linear drive mecha-
nisms) or nominal rpm (for rotary drive mechanisms) from
the respective predetermined nominal position and the actual
position of the tool, by which 1t 1s mtended to correct a
possible position deviation. The difference between the
nominal rpm and the actual rpm 1s converted in an rpm
regulator into a nominal current for the drive mechamism
which, via the motor constant of the drive mechanism, also
corresponds to a nominal torque. After a comparison with
the actual current, a nominal voltage 1s determined from this
nominal current by regulation 1n a current regulator and 1s
converted 1n the drive mechanism amplifier and applied to
the phases of the motor. Suitable measuring systems check
the actual position of the work piece, from which the actual
rpm can be derived. Current sensors 1n the supply lines to the
motor detect the actual current.

The connection between the drive mechanism and the tool
1s never completely rigid, mstead it contains elastic compo-
nents, which are therefore capable of oscillation. Thus,
mechanical resonance frequencies occur, which can lead to
undesired oscillations 1n case of an adverse parameterization
of the control structure and/or reduced internal damping of
the elastic components. Because of the demand for increas-
ingly greater bandwidths of the control structures, primarily
realized by high amplifier factors in the position control
circuit, such low-frequency resonance frequencies are also
amplified and are superimposed on the tool track. Low-
frequency oscillations 1n the range of up to 50 Hz are clearly
visible 1n the form of an undesired surface waviness of the
treated work piece.

A negative phase angle rotation has particularly negative
eflects in the formation of such resonance oscillations, such
as 1s created 1n particular by the delays 1n the control system
during the cooperation with the integral component of the
rpm regulator. The integral portion can be reduced by
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reducing the corresponding amplification factor, and the
resonance oscillation weakened 1n the process, but at the
same time the rigidity of the machine tool and the quality of
the 1nterference removal are also reduced.

Therefore WO 01/2396°7 Al describes the parameteriza-
tion of a regulator system, in which the feedback of the
actual rpm to the nominal rpm upstream of the rpm regulator
1s split onto two summing points, and wherein a reference
model 1n the form of a proportional component with second
order delay (P12 member) 1s switched into the branch
upstream of the integrating element of the rpm regulator.
This reference model 1s matched to the behavior of the
closed control circuit without an integral component in the
rpm regulator, so that the disadvantageous influence of the
integral component does not appear 1n the guidance behavior
of the rpm regulator. This disadvantageous influence 1is
particularly strong because of the negative phase shift by 90
degrees occurring in the integral component. However, only
resonance frequencies above approximately 20 Hz can be
damped with this arrangement, and 1n connection with large
machines with several resonances this circuit can only
positively act on the respectively highest resonance 1ire-
quency, while lower resonance Irequencies possibly are
even negatively aflected.

OBJECT AND SUMMARY OF THE INVENTION

It 1s therefore an object of the present mvention to create
a control structure which 1s able 1n particular to actively
damp low resonances i numerically-controlled machine
tools.

This object 1s attained by a control structure for the active
damping of low-frequency oscillations 1n numerically-con-
trolled machine tools. The control structure includes an rpm
regulator having a proportional component and an integral
component. The control structure further includes an active
damping element that forms a low-frequency correction
signal, which 1s phase-shifted with respect to an interfering
low-frequency oscillation and free of d.c. components, and
a summing point that 1s upstream or downstream of the
integral component and receives the low-Ifrequency correc-
tion signal.

A control structure for the active damping of low-1re-
quency oscillations in numerically-controlled machine tools
1s proposed, wheremn in a control structure with an rpm
regulator with a proportional component and integral com-
ponent a correction signal, which 1s phase-shifted with
respect to the interfering low-frequency oscillation and 1s
free of d.c. components, 1s switched to a summing point
upstream or downstream of the integral component. This
correction signal 1s formed 1n an active damping element.

Here, a possible embodiment of the present invention
assumes that the interfering low-frequency oscillation 1s also
superimposed on the nominal rpm at the output of the
position regulator, since the position regulator 1s supplied
with the difference between nominal position value and
actual position value, and the interfering oscillation 1n fact
finds expression 1n an oscillating actual position value.

If therefore the nominal rpm 1s freed of its d.c. compo-
nents and the phase relation 1s correctly set, the correction
signal obtained 1n this way 1s suitable, when switched to the
integral component of the rpm regulator, for the active
damping or cancellation of the interfering low-Ifrequency
oscillation.

An advantage of the present invention lies 1n that, once a
damping element has been parameterized, 1t operates very
stably, even 11 a shift of the interfering resonance frequency



Us 7,031,799 B2

3

results, for example by load changes. This of course also
means that the parameterization itself can be simply per-
formed.

Further advantages, as well as details, of the present
invention result from the following description of preferred
embodiments by the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an embodiment of a control structure with
active damping of low-frequency oscillations 1n accordance
with the present mvention;

FIG. 2 shows a modification of the control structure in
FIG. 1 which 1s equvalent in accordance with the block
circuit algebra and 1n accordance with the present invention;
and

FIG. 3 shows a third embodiment of a control structure
with active damping of low-Irequency oscillations 1n accor-
dance with the present invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

FIG. 1 shows a portion of the control structure of a
numerically-controlled machine tool. An interpolator 1 cal-
culates short segment portions from the data of a parts
program, whose end points are put out as the nominal
position value p_nominal. The actual position value p_ac-
tual 1s subtracted from this nominal position value p_nomi-
nal at a summing point 4.1. The position difference obtained
in this way 1s supplied to the position regulator 2 which, as
a function of the position difference and the set position
regulator amplification, forms a nominal rpm n_nominal,
with which the position diflerence 1s intended to be com-
pensated. For example, the position regulator 2 can be
embodied as a simple proportional regulator, which multi-
plies the position difference by a factor and puts 1t out as the
nominal rpm n_nominal.

The difference between the nominal rpm n_nominal and
the actual rpm n, ; actual 1s formed at separate summation
points 4.2 and 4.3, and this deviation of the rpm 1s put out
to the proportional component 3.1, or the integral compo-
nent 3.2 of the rpm or speed regulator 3. A nominal current
1_nominal 1s available at the output of the rpm regulator 3
and includes the sum of the outputs of the proportional
component 3.1 and the integral component 3.2 of the rpm
regulator 3. Multiplied by the motor constant the nominal
current_nominal corresponds to a nominal torque converted
into a nominal voltage 1n a current regulator (from here on
out the control circuit 1s no longer represented in the drawing
figure). A control circuit 1s also used for this, which 1s
supplied with an actual current value picked up by current
sensors at the motor. An output amplifier generates the
requested voltage, for example by controlling the motor
phases by pulse width modulation (PWM). The resultant
movement 1s then detected by position measuring systems,
which provide the actual position value p actual and, derived
from this, also the actual rpm n_actual.

If now a low-frequency mechanical resonance frequency
1s excited 1n the machine tool, the machine tool begins to
oscillate. This oscillation 1s propagated via the actual posi-
tion value p_actual mto the control circuit. In the course of
this, frequency-dependent different phase shifts and damp-
ings or amplifications occur 1n the various elements of the
control circuit. Here, the integral component 3.2 of the rpm
regulator 3 provides a particularly large contribution to the
negative phase shift. Therefore an active damping of an
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interfering low-frequency oscillation acts particularly effec-
tively there. The 1dea on which the present invention 1s based
rests on providing the integral component 3.2 of the rpm
regulator 3 with a correction signal n_correction, which
damps the undesired oscillation or even eliminates 1t. Rep-
resented 1n a simplified way, a signal free of d.c. components
with the frequency of the undesired oscillation, but which 1s
phase-shifted by approximately 180 degrees with respect to
the latter, 1s required at the input of the integral component
3.2 of the rpm regulator 3. In this case the phase shift relates
to the phase relation of the oscillation, which 1s coupled 1n
via the nominal rpm n_nominal at the summation point 4.3
of the integral component 3.2 of the rpm regulator 3. But the
actual phase shift required for optimal damping or elimina-
tion will slightly diverge from 180 degrees, since an ampli-
fication of the undesired oscillation also takes place via the
proportional component 3.1. This and further interactions in
the control circuit must be taken into consideration in the
course of parameterization of the active damping element 5.

The task of the active damping element 5, not further
represented 1n FIG. 1, mitially imncludes making a suitable
correction signal n_correction available, by which the
described negative eflects of the integral component 3.2 on
the oscillation behavior can be combated. The distribution of

the formation of the difference between the nominal rpm
n_nominal and the actual rpm n_actual to the summation
points 4.2 and 4.3 permits the specific influencing of the
integral component 3.2 1n an elegant manner.

An alternative to the circuit in accordance with FIG. 1
which 1s equivalent 1n accordance with regulation technol-
ogy, but more expensive, 1s represented 1n FIG. 2. Now the
correction signal n_correction 1s coupled 1n at the summa-
tion point 4.4 not upstream of the integral component 3.2,
but only downstream of the integral component 3.2. In
accordance with the rules of block circuit algebra 1t is
completely equivalent to the arrangement in accordance
with FIG. 1 1f an additional integral component 3.2' 1s
inserted between the active damping element 5 and the
summation point 4.4. In this case the imntegral component 3.2
and the additional integral component 3.2' must completely
match each other which, at least in case of an analog
realization, means a considerable outlay. Now the formation
of the difference between the nominal rpm n_nominal and
the actual rpm n_actual can take place at only a single
summation point 4.7. Thus, there are two completely equiva-
lent (and 1n the sense of the block circuit algebra actually
identical) options of applying the correction signal n_cor-
rection.

FIG. 3 shows a possible embodiment of the present
invention. Corresponding elements are i1dentified the same
as 1 FIG. 1, or FIG. 2, so that they and their linkages need
not be explained again. The present embodiment 1s based on
the realization that interfering low-frequency oscillations are
also contained in the nominal rpm n_nominal of the position
regulator 2. This fact can be used for producing the correc-
tion signal n_correction.

For eliminating the d.c. components of the nominal rpm
n_nominal, the diflerence between a derived rpm n_derived
and the nominal rpm n_nominal 1s produced at a summation
pomnt 4.5. In this case the dennved rpm n_dernived was
produced 1n a differentiator 6, which differentiates the nomi-
nal position values p_nominal of the interpolator 1. This
derived rpm n_derived does not contain any interfering
resonance oscillation and can also be used for rpm pre-
control. If the difference 1s formed at the summation point
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4.5 1n such a way that the derived rpm n_dernived with a
negative sign 1s switched 1n, a signal which 1s free to a great
extent of d.c. components 1s obtained, whose phase relation
corresponds to the oscillation of the nominal rpm.

An amplifier with an adjustable amplification factor M 1s
located 1nside the active damping element S. This 1s repre-
sented 1n FIG. 3 by a multiplication point 5.4, where the
difference between the derived rpm n_derived and the
nominal rpm n_nominal 1s multiplied by the factor M. This
allows the continuous regulation of the active damping of
the low-Irequency oscillation. At M=0, the active damping
clement 5 1s completely deactivated.

It 1s then additionally recommended to further reduce the
low-frequency portion of the diflerence between the nominal
rpm n_nominal and the derived rpm n_dernived. This can be
done with a differential element with a first order delay time
(DT1) member 5.1, through which the difference between
the derived rpm n_derived and the nominal rpm n_nominal
1s conducted. The signal, now iree of d.c. components, 1s
finally conducted to a second order delay time (PT2) mem-
ber 5.2, which 1s tuned to the interfering resonance ire-
quency. For stabilization, the output of the DT1 member 5.1
1s supplied 1n a transverse branch via a delay element (PT1
member) 3.3 and a summing point 4.6 also to the branch of
the nominal rpm n_nominal conducted to the integral com-
ponent 3.2 of the rpm regulator 3.

The correction signal n_correction generated in the active
damping element 5 therefore 1s a signal free of d.c. compo-
nents and phase-shifted with respect to the interfering low-
frequency oscillation and 1s additionally applied at the
summing point 4.3 upstream of the integral component 3.2
of the rpm regulator. In this way the interfering resonance
can be eflectively suppressed.

For parameterizing the active damping element 5, the
damping time constant T2 of the P12 member 5.2 is selected
to correspond to the resonance frequency Fres to be damped:

12=k/(2*n*Fres)

with a time constant displacement factor k, which 1n actual
use swings between 0.8 and 1.0. The time constant displace-
ment factor k permits the detuning of the P12 element 5.2,
which can bring advantages when parameterizing the control
structure. Thus, for a resonance frequency of 10 Hz, a time
constant T2 of 0.016 s (for k=1), for example, 1s obtained.
For optimal damping of D=0.35, the result then 1s ({rom the
equation D=T12/(2*11) applicable to P12 eclements) for
example a T1 time constant for the P12 member 5.2 of

11=72/0.7

The time constant of the DT1 member 5.3 then should be
clearly greater, for example approximately ten times that of
12, the time constant of the PT1 member should be less, for
example approximately one-quarter of T2. The stated num-
ber values of course only provide an approximate order of
magnitude for a special application case, the exact param-
eterization of the active damping element 5 will differ from
one case to the next.

A particularly stable control structure can be obtained 1t
the active damping element 5 1s combined with a reference
model 7 described 1n the preamble which, although of little
use for particularly low resonances, does have an application
for higher frequency resonances. To this end, the reference
model 7 1s connected directly upstream of the summing
point 4.3 upstream of the integral component 3.2 of the rpm
regulator 3. This reference model 7 i1s matched to the
behavior of the closed control circuit with the deactivated
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integral component 3.2 in the rpm regulator, so that the
undesirable influence of the integral component 3.2 on the
guidance behavior of the rpm regulator 3 can be eliminated,
or minimized. The reference model 7 and the active damping
clement 5 do not interfere with each other, but complement
cach other advantageously.

This description was based on a rotary drive mechanism.
In actual use, linear drive mechanisms are also increasingly
employed, for which speed 1s a more suitable definition than
rpm and force 1s a more suitable definition than torque. The
control structure of the present invention can of course be
employed in the same way with linear drives, because of
which the terms rpm and torque are synonymous with speed
and force. With machine tools with several shafts, the
invention can also be employed separately for each shaft.
The control structure can be realized analog as well as
digitally, the present invention is of course not dependent on
the type of realization.

Besides the exemplary embodiments described, it 1s
understood that alternative variants also exist within the
scope of the present invention.

We claim:

1. A control structure for the active damping of low-
frequency oscillations in numerically-controlled machine
tools, comprising:

a speed regulator for generating a nominal current based
on a difference between a nominal speed and an actual
speed, said speed regulator comprising:

a proportional component; and

an integral component;

an active damping element that forms a low-frequency
correction signal, which 1s phase-shifted with respect to
an 1nterfering low-frequency oscillation and free of d.c.
components; and

a summing point that 1s upstream or downstream of said
integral component and receives said low-Irequency
correction signal.

2. The control structure in accordance with claim 1,

further comprising:

a second integral component that corresponds to said
integral component of said speed regulator, wherein
said low frequency correction signal i1s applied to an
mput of said second integral component and said
second integral component generates a signal at its

output that 1s applied to a summing station located
downstream of said integral component.

3. A control structure for the active damping of low-
frequency oscillations 1n numerically-controlled machine
tools, comprising:

a speed regulator comprising:

a proportional component; and
an integral component;

an active damping element that forms a low-frequency
correction signal, which 1s phase-shifted with respect to
an 1nterfering low-frequency oscillation and free of d.c.
components;

a summing point that 1s upstream or downstream of said
integral component and receives said low-Irequency
correction signal; and

a second summing point that determines a second devia-
tion of an actual speed from a nominal speed and said
second deviation 1s directed to said proportional com-
ponent; and
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wherein a first deviation of said actual speed from said
a nominal speed 1s determined at said summing point
and 1s directed to said integral component, and said
low-1requency correction signal 1s applied at said
summing point upstream of said integral component.

4. The control structure in accordance with claim 3,
turther comprising;:

a position regulator that generates a nominal speed signal;

a third summing point within said damping element that

receives said nominal speed signal and a dernived speed
signal that 1s derived from a nominal position value,
said third summing point generates said correction
signal based on a difference of said nominal speed
signal and said speed derived signal.

5. The control structure i1n accordance with claim 4,
turther comprising a first order delay time member within
said damping element that receives said diflerence between
said nominal speed signal and said derived speed signal.

6. The control structure in accordance with claim 5,
wherein a signal from an output of said first order delay time
member 1s supplied to a second order delay time member.

7. The control structure 1n accordance with claim 6,
wherein said output of said first order delay time member 1s
supplied via a delay member to a branch of said nominal
speed conducted on said itegral component of said speed
regulator.

8. The control structure in accordance with claim 6,
wherein a damping time constant of said second order delay
time member corresponds to a resonance frequency to be
damped.

9. The control structure i1n accordance with claim 5,
wherein an output of said first order delay time member 1s
supplied via a delay member to a branch of said nominal
speed conducted on said itegral component of said speed
regulator.

10. The control structure in accordance with claim 4,
wherein said diflerence between said nominal speed and said
derived speed 1s multiplied by an amplification factor.

11. The control structure in accordance with claim 3,
wherein said nominal speed 1s conducted over a reference
model of a control track prior to said determining said
second deviation with said actual speed at said second
summing point.

12. The control structure 1in accordance with claim 11,
wherein said reference model of said control track 1s embod-
ied as a second order delay time element, which simulates
said control track and acts 1n a counter-phase manner.

13. A control structure for the active damping of low-
frequency oscillations in numerically-controlled machine
tools, comprising:
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a speed regulator comprising:
a proportional component; and
an integral component;

an active damping element that forms a low-frequency
correction signal, which 1s phase-shifted with respect to
an 1nterfering low-frequency oscillation and free of d.c.
components;

a summing point that 1s upstream or downstream of said
integral component and receives said low-Irequency
correction signal;

a second integral component that corresponds to said
integral component of said speed regulator, wherein
said low frequency correction signal 1s applied to an
input of said second integral component and said
second 1ntegral component generates a signal at its
output that 1s applied to a summing station located
downstream of said integral component;

a position regulator that generates a nominal speed signal;
and

a second summing point within said damping element that
receives said nominal speed signal and a derived speed
signal that 1s derived from a nomainal position value,
said second summing point generates said correction
signal based on a difference of said nominal speed
signal and said derived speed signal.

14. The control structure in accordance with claim 13,
turther comprising a first order delay time member within
said damping element that receives said difference between
said nominal speed signal and said derived speed signal.

15. The control structure in accordance with claim 14,
wherein a signal from an output of said first order delay time
member 1s supplied to a second order delay time member.

16. The control structure in accordance with claim 15,
wherein said output of said first order delay time member 1s
supplied via a delay member to a branch of said nominal
speed conducted on said integral component of said speed
regulator.

17. The control structure in accordance with claim 15,
wherein a damping time constant of said second order delay
time member corresponds to a resonance frequency to be
damped.

18. The control structure in accordance with claim 14,
wherein an output of said first order delay time member 1s
supplied via a delay member to a branch of said nominal
speed conducted on said itegral component of said speed
regulator.
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